Abstract Purpose: The cancer/germline antigen NY-ESO-1 is variably expressed in epithelial ovarian cancer (EOC), with most tumors showing low or heterogeneous expression, which limits patient responses to NY-ESO-1 vaccine therapy. We tested the hypothesis that promoter and global genomic DNA methylation status correlates with intertumor and intratumor NY-ESO-1 expression status in EOC. Experimental Design: We utilized 78 EOC tumors and 10 normal ovary controls for quantitative DNA methylation analyses and NY-ESO-1 expression analysis by immunohistochemistry (IHC) and quantitative reverse transcriptase PCR. A subset of EOC tumors were used to perform microdissections of NY-ESO-1 IHC-positive and NY-ESO-1 IHC-negative tissue regions, followed by DNA methylation analyses. EOC cell lines were treated in vitro with decitabine to determine the functional contribution of DNA methylation to NY-ESO-1gene regulation in EOC. Results: Compared with normal ovary, bulk EOC tissues display increased NY-ESO-1expression, reduced NY-ESO-1 promoter methylation, and reduced LINE-1 DNA methylation. However, NY-ESO-1 expression is not significantly associated with NY-ESO-1promoter methylation status in bulk tumors. We hypothesized that this resulted from heterogeneous intratumor NY-ESO-1 expression. Supporting this idea, experiments using microdissected material revealed that intertumor and intratumor NY-ESO-1expression heterogeneity is significantly correlated with promoter and global DNA methylation status in EOC. Moreover, decitabine treatment functionally restored NY-ESO-1expression in nonexpressing EOC cell lines. Conclusion: DNA methylation status is associated with both intertumor and intratumor NY-ESO-1 expression status in EOC. These findings support a novel chemoimmunotherapy approach using decitabine to augment NY-ESO-1vaccine therapy for treatment of recurrent EOC.
DNA methylation changes are recognized as a key oncogenic mechanism. Abnormalities include CpG island promoter hypermethylation, which silences tumor suppressor genes, and global genomic DNA hypomethylation, which is associated with genomic instability (1 -3) . In addition, a specific class of genes, known as Cancer-testis or Cancer-germline (CG) antigens, undergoes promoter hypomethylation and gene activation in a variety of cancers (4, 5) . Interestingly, hypomethylation of CG antigen genes may also be linked to global genomic DNA hypomethylation in cancer (6) .
Recent studies have established promoter methylation and histone H3 tail modifications as important determinants of CG antigen gene expression status in human cancer cells (7 -9) . In human tissues, DNA methylation inversely correlates with CG antigen gene expression (5) . A key characteristic of CG antigen gene expression in vivo is that it is heterogeneous both across the tumor population and within individual tumors (4) . This finding is clinically relevant, as cell and antibody-mediated responses to CG antigen-targeted vaccines are dependent on host antigen presentation (10) . One previous study has addressed the mechanism of intratumor heterogeneous CG antigen gene expression (11) . This study found that CG antigen genes display a heterogeneous expression pattern in clonal cell lines established from a melanoma tumor, and observed that MAGE-A3 expression status in the isolated cell lines is associated with promoter DNA methylation levels (11) . These data suggest that DNA methylation can regulate intratumor heterogeneity of CG antigens; however, this conclusion is tentative, as DNA methylation changes are known to occur during the in vitro cultivation of cell lines (12) . Furthermore, only one melanoma tumor was used to derive the cell lines in this study, precluding significance testing (11) .
Of CG antigens under clinical investigation, NY-ESO-1 may be the most immunogenic and clinically important (13) . NY-ESO-1 is aberrantly expressed in several human malignancies, including epithelial ovarian cancer (EOC; refs. 14, 15) . In EOC, we previously reported that NY-ESO-1 was expressed in f40% of tumors, whereas 30% of patients expressing the antigen display circulating antibodies against NY-ESO-1 (15) . Another key finding was that a sizable majority of NY-ESO-1 -positive EOC tumors display either focal or heterogeneous expression of the antigen (15) . This is consistent with the results of IHC studies of other CG antigens, including MAGE-A1 and MAGE-A3 (4). Thus, it is likely that tumor heterogeneity presents a critical restriction to both immunologic and clinical responses to CG antigen -directed vaccines.
In a recent phase I clinical trial in EOC using vaccination of the NY-ESO-1 peptide epitope ESO 157-170 , we found that repeated vaccination of EOC patients in remission led to integrated humoral and T-cell responses, as well as encouraging clinical outcomes (10) . However, only patients with NY-ESO-1 -positive tumors are eligible for NY-ESO-1 vaccine therapy, limiting its general utility. In addition, antigen loss occurred in subset of vaccinated patients, which correlated with disease progression despite induction of immune responses (10) . These data suggest that antigen expression is a key aspect of clinical responses to NY-ESO-1 vaccines. To investigate the mechanism underlying NY-ESO-1 tumor heterogeneity in EOC, we quantitatively measured NY-ESO-1 promoter methylation and global genomic DNA methylation within microdissected regions of individual EOC tumors showing variable NY-ESO-1 expression in vivo. Our findings establish DNA methylation as a critical mechanism associated with heterogeneous intertumor and intratumor NY-ESO-1 expression. Furthermore, they direct a novel chemoimmunotherapy approach for the treatment of recurrent EOC.
Materials and Methods
Human tissue samples. Normal ovary and EOC tissue samples were obtained from patients undergoing surgical resection at Roswell Park Cancer Institute under Institutional Review Board approved protocols. Of the 78 total EOC samples obtained, 62 and 77 yielded high quality RNA or DNA for downstream analyses, respectively. Flash-frozen bulk tumor tissues were homogenized using an electric homogenizer with disposable microtube pestles, and RNA was extracted using Trizol reagent (Invitrogen). Two micrograms of each RNA sample were converted to cDNA using random oligo-dT primer (Fermentas) and M-MuLV Reverse Transcriptase enzyme (Fermentas). For genomic DNA extractions, flash-frozen tissue samples were crushed using mortar and pestles prechilled with liquid nitrogen. Upon addition of lysis buffer (Gentra Systems), tissues were further homogenized with an electric homogenizer, and genomic DNAs were isolated using the Puregene DNA isolation kit (Gentra Systems).
NY-ESO-1 immunohistochemical staining and microdissection of paraffin-embedded tissue samples. Immunohistochemical staining (IHC) for NY-ESO-1 was done as previously described (15) . Microdissection of paraffin tissue blocks of EOC exhibiting homogenous NY-ESO-1 -positive and homogenous NY-ESO-1 -negative expression (as determined by IHC) was done using manual dissection. Afterwards, two or more 5-micron paraffin curls were cut and used for genomic DNA isolations. Microdissection of paraffin tissue blocks of EOC tumors displaying heterogeneous NY-ESO-1 staining was done by isolating (as seen by IHC) and reembedding positively and negatively stained tumor regions into different blocks, after which 5-micron curls were prepared from each of the new blocks. In all cases, microdissected tissues were verified to contain virtually 100% tumor cells by a boardcertified gynecologic pathologist (P.M-F.) Genomic DNAs were purified from two or more 5-micron curls of each sample using the Puregene DNA isolation kit (Gentra Systems).
Quantitative real-time reverse transcriptase PCR. Quantitative realtime reverse transcriptase PCR for NY-ESO-1 was accomplished as described previously (7) .
Sodium bisulfite DNA sequencing. Sodium bisulfite sequencing of NY-ESO-1 was accomplished as described previously (7) .
Quantitative bisulfite pyrosequencing. The methylation status of the NY-ESO-1 promoter region was analyzed using quantitative pyrosequencing of sodium bisulfite -converted DNA (16) . Primers are reported in Supplementary Table S1 . PCR cycling conditions were 95jC for 30 s, 55.7jC for 30 s, and 72jC for 1 min, for 45 cycles. The resulting biotinylated PCR product was bound to Streptavidin Sepharose High Performance beads (Amersham Biosciences), and the immobilized PCR product was purified using Pyrosequencing Vacuum Prep Tool (Biotage AB), denatured with 0.2 mol/L NaOH, and washed using Tris (pH 7.6). Pyrosequencing of the purified single-stranded PCR product was accomplished using the PSQ HS96 Pyrosequencing System (Biotage AB). Non-CpG cytosines served as internal controls to verify efficient sodium bisulfite DNA conversion, and unmethylated and methylated DNAs were also run as controls. Pyrosequencing was done on duplicate samples, and pyrosequencing assays were performed a minimum of two times.
Global genomic DNA methylation analysis. 5-methyl-deoxycytidine (5mdC) levels were determined as described previously (17) . Pyrosequencing of LINE-1 was done as described above, and the primers are reported in Supplementary Table S1 .
Cell lines and drug treatments. Ovarian cancer cell lines A2780, OVCAR3, and OVCAR429 were grown in DMEM supplemented with 10% fetal bovine serum, 0.5% Pen-Strep, and 2 mmol/L L-glutamine, whereas SKOV3 was grown in McCoy's medium supplemented with 10% fetal bovine serum, 0.5% Pen-Strep, 2 mmol/L L-glutamine, and 1 mmol/L sodium pyruvate. IOSE121 cells (SV40-immortalized normal human ovarian surface epithelium cells) were grown in a 1:1 mix of 199 and MCDB105 medium containing 5% fetal bovine serum and 50 ug/mL gentamicin. Cell lines were treated with 1 Amol/L 5-aza-2 ¶-deoxycytidine (decitabine; Sigma Chemical Company) once, and RNA and DNA samples were harvested 48 h posttreatment for mRNA expression and DNA methylation analyses.
For IHC experiments of decitabine-treated ovarian cancer cells, OVCAR3 cells were treated with 2 Amol/L decitabine at time zero and again at 24 h posttreatment, and were harvested 72 h posttreatment. Cell pellets (f50 Â 10 6 cells) were harvested and fixed in 10% neutral buffered formalin for 10 min, then processed and paraffin embedded according to standard procedures. NY-ESO-1 IHC staining was done as described previously (15) .
Results
NY-ESO-1 expression and DNA methylation in bulk normal ovary and EOC tissues. To investigate the relationship between NY-ESO-1 expression and DNA methylation in EOC, we obtained a set of flash-frozen EOC tumor samples, the majority of which were of advanced stage and grade, in accordance with the typically late diagnosis of the disease (Table 1) . For comparison to EOC, we obtained a set of normal ovary samples from patients undergoing hysterectomy who had no evidence of cancer. Quantitative real-time reverse transcriptase PCR analyses revealed a variable level of NY-ESO-1 expression in EOC, whereas NY-ESO-1 expression was uniformly low in normal ovary (Fig. 1A) . To quantitatively assess NY-ESO-1 promoter methylation status, we developed a bisulfite pyrosequencing assay that interrogated methylation of 15 CpGs contained within the 5 ¶ CpG island of the NY-ESO-1 promoter region. This assay revealed NY-ESO-1 promoter hypermethylation in normal ovary, and hypomethylation in many EOC samples (Fig. 1B) . NY-ESO-1 promoter hypomethylation in EOC occurred at all CpG sites within the pyrosequenced region (Fig. 1C) . Sodium bisulfite sequencing analysis was in agreement with the pyrosequencing data, and confirmed extensive NY-ESO-1 promoter hypomethylation in specific EOC tumors showing increased NY-ESO-1 expression (Fig. 1D) .
As CG antigen gene expression may also be linked to genome-wide DNA hypomethylation (6), we developed and used two quantitative assays to follow global genomic DNA methylation, a bisulfite pyrosequencing assay for the LINE-1 repetitive DNA element, and a liquid chromatography mass spectrometry method to measure total 5mdC in hydrolyzed genomic DNA (17) . Compared with normal ovary, there was extensive hypomethylation of LINE-1 in EOC, but a lack of a similar effect for 5mdC, suggesting that LINE-1 methylation does not accurately predict global genomic methylation levels in this instance (Fig. 2) . However, a significant increase in the variability of 5mdC levels in EOC, compared with normal ovary, was apparent (Fig. 2B) . These data suggest that loss of NY-ESO-1 promoter methylation and hypomethylation of LINE-1 are common occurrences in late stage EOC tumors, similar to other repetitive DNA elements (18) .
NY-ESO-1 expression and DNA methylation in microdissected homogenously stained EOC tissues. Despite the fact that increased NY-ESO-1 expression and reduced NY-ESO-1 promoter methylation occur in EOC relative to normal ovary (Fig. 1) , there was not a statistically significant association between these two variables in EOC (Kendall's Tau correlation, -0.0556; P = 0.536; n = 63). We hypothesized that this may reflect, in part, intratumor NY-ESO-1 expression heterogeneity, which we have previously shown by IHC, is frequent in EOC (15). Additionally, it is possible that the presence of other cell types, e.g., stromal, immune cells, and endothelium, in the bulk EOC tissue samples contributes to this heterogeneity. To test this hypothesis, we developed a novel approach in which we microdissected NY-ESO-1 -positive and NY-ESO-1 -negative EOC tumor regions (as determined by IHC), and used this material to obtain genomic DNA for DNA methylation analyses (see Materials and Methods). As an initial test, we selected 12 homogeneously NY-ESO-1 IHC-stained EOC tumor specimens for analysis of DNA methylation variables. Specifically, we obtained six tumors negative for NY-ESO-1 expression and six additional tumors showing homogeneous NY-ESO-1 staining throughout the tumor (Fig. 3A) . Pathologic analysis indicated that virtually all of the microdissected cells obtained were tumor in origin. Notably, both NY-ESO-1 promoter methylation, as well as both measures of global genomic DNA methylation, showed significant hypomethylation in the NY-ESO-1 -positive tissues (Fig. 3B-D) . Despite repeated attempts, we were unable to obtain RNA suitable for NY-ESO-1 gene expression analysis from paraffin-embedded tissues (data not shown). However, our previous data have shown a significant correlation between NY-ESO-1 mRNA expression and NY-ESO-1 IHC staining (15) .
NY-ESO-1 expression and DNA methylation in microdissected heterogenously stained EOC tissues. We next used the experimental approach described above to examine the basis for intratumor NY-ESO-1 expression heterogeneity in EOC. We did microdissections of both the NY-ESO-1 -positive and NY-ESO-1 -negative IHC-stained areas from a set of six focal or heterogeneously NY-ESO-1 -stained tumors (Fig. 4A) . Again, pathologic analyses confirmed that virtually all microdissected cells were tumor in origin. The resulting microdissected tissues were used for promoter-specific and global genomic DNA methylation analyses. Notably, in each instance, the NY-ESO-1 -positive stained region of the tumor displayed NY-ESO-1 promoter hypomethylation compared with the NY-ESO-1 -negative regions of the same tumor (Fig. 4B) . This trend held true despite significant variability in the absolute level of NY-ESO-1 promoter methylation in different tumors (Fig. 4B) . Notably, in five of six tumors examined, LINE-1 methylation levels were reduced in NY-ESO-1 -positive regions, whereas all six tumors examined showed reduced 5mdC levels in NY-ESO-1 -positive regions (Fig. 4C and D) . For all three measures of DNA methylation, the difference between the NY-ESO-1 -negative and NY-ESO-1 -positive regions in the six examined tumors was statistically significant (Fig. 4B-D) .
DNA methylation actively represses NY-ESO-1 expression in EOC cell lines. To determine whether DNA methylation plays a functional role in NY-ESO-1 gene regulation in EOC, we treated four NY-ESO-1 -negative EOC cell lines (OVCAR3, SKOV3, A2780, and OVCAR429), as well as an NY-ESO-1 -negative SV40-transformed surface ovarian epithelial cell line (IOSE121), with the classic DNMT inhibitor decitabine, and measured NY-ESO-1 expression after treatment using quantitative real-time reverse transcriptase PCR. In each cell line, decitabine treatment caused a robust increase of NY-ESO-1 expression (Fig. 5A) . To confirm that decitabine treatment caused concurrent NY-ESO-1 promoter hypomethylation, we performed quantitative pyrosequencing and found that decitabine Fig. 1D . The difference between the two groups was statistically significant (unpaired, two-tailed t test, P = 0.0014). B, total genomic 5mdC levels were measured by liquid chromatography mass spectrometry. Bars, mean; open symbols, samples shown in Fig. 1D . The difference between the two groups was not significant (unpaired, two-tailed t test, P = 0.7827), but sample variance was significantly greater in EOC (F test, P = 0.0019). Research.
on April 15, 2017. © 2008 American Association for Cancer clincancerres.aacrjournals.org Downloaded from treatment causes a significant reduction in NY-ESO-1 promoter methylation in each cell type (Fig. 5B) . As additional controls, we examined global methylation and found that both LINE-1 methylation and 5mdC levels were also reduced ( Fig. 5C and D) . To determine the proportion of cells in culture responding to this treatment, we measured NY-ESO-1 expression in decitabine-treated cell cultures using IHC (Supplementary Fig. S1 ). We find that decitabine treatment induces a previously nonexpressing cell line (OVCAR3) to display a heterogeneous pattern of NY-ESO-1 expression (Supplementary Fig. S1 ). Taken together, these data reveal a functional link between DNA hypomethylation and NY-ESO-1 gene activation in EOC cells.
Discussion
NY-ESO-1 has emerged as one of the most promising antigen targets for cancer immunotherapy, including the immunotherapy of ovarian cancer (4, 13, 15, 19) . However, two limitations of NY-ESO-1 -specific immunotherapy have become apparent: (a) many tumors are negative for expression of the antigen, limiting patient enrollment, and (b) the vast majority of tumors showing NY-ESO-1 expression display either focal or heterogeneous staining, which limits immune and clinical responses to NY-ESO-1 vaccine therapy (10, 15) . Here we show that promoter methylation regulates NY-ESO-1 expression heterogeneity in EOC. Microdissection of either homogenously or heterogeneously stained EOC tumors, followed by quantitative DNA methylation analysis on the isolated cell populations, revealed that promoter DNA hypomethylation is directly associated with NY-ESO-1 expression. This trend held true despite significant variability in the absolute value of methylation from tumor to tumor. These data imply that individual tumors may have distinct ''set points'' at which DNA hypomethylation triggers NY-ESO-1 expression, which is likely regulated by other endogenous factors, including the expression of sequence-specific transcription factors such as Ets and Sp1 (20 -22) . In additional support of this idea, we show that treatment of a polyclonal ovarian cancer cell line with decitabine results in a heterogeneous NY-ESO-1 expression pattern, suggesting that other factors besides hypomethylation likely influence NY-ESO-1 expression.
To our knowledge, this study provides the first in vivo evidence that intratumor heterogeneity of gene expression in cancer is associated with promoter-specific and global DNA The plotted data represent the total methylation level of each sample, taking into account all 15 CpG sites analyzed. C, LINE-1methylation was determined by quantitative bisulfite pyrosequencing using the samples described in B. D, total genomic 5mdC levels were measured by liquid chromatography mass spectrometry using the samples described in B. In B to D, the P values show the results of significance testing of the difference between the NY-ESO-1negative (-) and positive (+) tumors, using the Exact Wilcoxon Rank SumTest. Columns, mean; bars, SE. methylation status. In important earlier studies, Gonzalgo et al. (23) showed that differential p16INK4a expression in cell clones derived from a bladder tumor correlated with promoter methylation status, and Sigalotti et al. reported a similar finding in the context of MAGE-A3 expression in melanoma (11) . More recently, Rastetter et al. (24) have reported intratumor heterogeneity in the methylation and expression status of a number of tumor suppressor genes in melanoma. In the current study, we provide important new information using microdissection of different regions of individual primary EOC tumors. Our data reveal a direct link between promoter DNA hypomethylation and expression of a CG antigen, NY-ESO-1, in vivo. In addition, we show for the first time that intratumor epigenetic heterogeneity extends to markers of global methylation status. At present, the mechanism that leads to differential DNA methylation status within individual tumors is unknown, but it may be related to the simultaneous presence of stem cells and differentiated cells within individual tumors (4) .
In a seminal study, Boon and colleagues (6) reported that global genomic DNA hypomethylation was linked to MAGE-A1 expression in cancer cell lines. Here we show, using two distinct variables of global methylation, that NY-ESO-1 expression and promoter methylation correlate with global DNA hypomethylation in vivo. In both homogenously and heterogeneously NY-ESO-1 -stained EOC, LINE-1 hypomethylation and reduced 5mdC showed a significant association with NY-ESO-1 expression, as well as NY-ESO-1 promoter hypomethylation. These data suggest that NY-ESO-1 promoter hypomethylation is driven by a mechanism that also affects global genomic DNA methylation status. One potential mechanism could be the expression of catalytically inactive DNMT3b isoforms, which may lead to CG antigen and/or genomic DNA hypomethylation in human cancer cells (25) . Another possible mechanism involves expression of the autosomal CG antigen gene BORIS/CTCFL, which induces CG-X antigen gene expression in certain cell types, although this finding appears to be inconsistent (26 -28) . Interestingly, BORIS is directly regulated by promoter methylation in EOC cell lines and tumors, and is expressed in a relatively high percentage of EOC lesions (29) . Based on these data, it becomes relevant to determine whether BORIS induction contributes to the expression of other CG antigens, including NY-ESO-1, in EOC.
Using cell lines and pharmacologic modulation of DNA methylation, we show that DNA methylation plays a causative role in NY-ESO-1 expression silencing in EOC. It is unlikely that decitabine-mediated NY-ESO-1 induction results from other effects of this drug, as we have previously shown that genetic targeting of DNA methylation also elicits NY-ESO-1 expression (7). Importantly, Schrump and colleagues (30) have recently shown in a phase I clinical trial that decitabine treatment induces NY-ESO-1 expression in tumor tissues and NY-ESO-1 -specific antibodies in vivo. Taken together, these data suggest the use of DNA methyltransferase inhibitors to The plotted data represent the total methylation level of each sample, taking into account all 15 CpG sites analyzed. C, LINE-1methylation was determined by quantitative bisulfite pyrosequencing using the samples described in B. D, total genomic 5mdC levels were measured by liquid chromatography mass spectrometry using the samples described in B. In B to D, the P values show the results of significance testing of the difference between the NY-ESO-1^negative (-) and NY-ESO-1^positive (+) regions of the six examined tumors, using the Exact Wilcoxon Signed RankTest. Columns, mean; bars, SE. Neg, NY-ESO-1-negative; pos, NY-ESO-1-positive.
augment NY-ESO-1 vaccine therapy for the treatment of EOC. This strategy has a number of potential advantages over existing single agent NY-ESO-1 vaccine therapy. First, the use of DNMT inhibitors to induce antigen expression would broaden the patient population eligible for vaccine therapy. Second, promotion of more uniform NY-ESO-1 expression within residual metastatic disease would be expected to increase immunologic responses to these cells. Third, we have recently observed an occurrence of NY-ESO-1 antigen loss after the completion of NY-ESO-1 vaccine therapy in EOC (10) . If DNA methylation proves to be a mechanism for antigen loss in vivo, then DNMT inhibitors may be an effective way to combat this problem. Finally, the utility of epigenetic therapy for augmenting CG antigen vaccine efficacy is likely not limited to either NY-ESO-1 or EOC but may have utility in the context of additional tumor antigens and cancer types (31, 32) .
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